The nonstructural protein 3 (NS3) helicase/protease is an important component of the hepatitis C virus (HCV) replication complex. We hypothesized that a specific ␤-strand tethers the C terminus of the helicase domain to the protease domain, thereby maintaining HCV NS3 in a compact conformation that differs from the extended conformations observed for other Flaviviridae NS3 enzymes. To test this hypothesis, we removed the ␤-strand and explored the structural and functional attributes of the truncated NS3 protein (NS3⌬C7). Limited proteolysis, hydrodynamic, and kinetic measurements indicate that NS3⌬C7 adopts an extended conformation that contrasts with the compact form of the wild-type (WT) protein. The extended conformation of NS3⌬C7 allows the protein to quickly form functional complexes with RNA unwinding substrates. We also show that the unwinding activity of NS3⌬C7 is independent of the substrate 3-overhang length, implying that a monomeric form of the protein promotes efficient unwinding. Our findings indicate that an open, extended conformation of NS3 is required for helicase activity and represents the biologically relevant conformation of the protein during viral replication.
Nonstructural protein 3 (NS3) is an essential member of the hepatitis C virus (HCV) replication complex (2, 33) . It is a bifunctional enzyme that contains a serine protease domain within the N-terminal third of the protein and a nucleic acidstimulated NTPase/helicase domain within the C-terminal twothirds of the protein (40) . Both enzymatic activities are critical for HCV replication. In the presence of the viral NS4A cofactor protein, the NS3 protease activity cleaves and releases downstream viral proteins from the precursor polyprotein (13) . Furthermore, the NS3 protease represses the host innate immune response by cleaving cellular proteins such as TRIF and MAVS, thereby preventing a signaling cascade that leads to an antiviral cellular response (17, 24, 32, 44, 51) . In addition to its protease activity, NS3 displays robust helicase activity (46) . NS3 helicase activity is essential for replication of the viral RNA genome (21) , potentially functioning together with the NS5B polymerase during viral replication (16) . NS3 also participates in the intracellular assembly and packaging of infectious virus particles (30) . Given its multiple roles throughout the viral life cycle, NS3 is an important target for antiviral drug discovery against HCV (5) .
The NS3 helicase (NS3hel) domain belongs to the DExH/D subgroup of DNA and RNA helicases within helicase superfamily 2 (37, 52) . Members of this family contain a core helicase structure consisting of two RecA-like folds (domains 1 and 2) arranged in tandem. Together with these two RecA-like domains, NS3hel has a third domain (domain 3) that forms a single-stranded DNA/RNA binding groove (Fig. 1A) (20, 29) . The NS3hel construct has been studied extensively and displays modest helicase activity in isolation. However, a unique feature of NS3 that distinguishes it from its other family members is the covalent attachment of the protease domain. Previous work has demonstrated a strong functional interdependence in the enzymatic activities of the protease and helicase domains (7, 8) . The protease domain not only promotes direct and functional binding of the RNA substrate, but it also improves the translocation stepping efficiency of the helicase (8, 39) . Therefore, full-length NS3 is an attractive target for the development of antiviral strategies.
While previous studies have provided important insights into the mechanism of RNA unwinding by NS3 (11, 34, 43) , we know very little about the structural rearrangements that occur when NS3 switches between its protease and helicase activities. One way NS3 might regulate its functional activities is through global conformational changes. An increasing body of evidence suggests that NS3 adopts additional conformations that differ from the one observed in the crystal structure of the full-length enzyme, which captured a snapshot of the protein performing a protease cleavage event in cis (53) . One clue to the existence of alternative conformations came from early kinetic data showing that NS3 requires an extended incubation time with RNA substrates prior to reaching its maximal unwinding activity (36) , suggesting a rate-limiting conformational change. Second, the structures of NS3 proteins from other Flaviviridae family members show that the biologically relevant conformation is an extended form where the protease domain sits beneath the helicase domain (4, 27, 28) . These extended conformations contrast markedly with the compact conformation seen in the crystal structure of full-length HCV NS3 (53) . Finally, when HCV NS3 was modeled onto a mem-brane bilayer, the helicase domain was positioned in an impossible configuration within the membrane (9) . Based on this finding, Moradpour and colleagues concluded that a significant conformational change must occur in order to orient the helicase domain toward the cytoplasm and properly position it to interact with other components of the replication complex. Thus, we sought to understand how such a conformational change might occur in HCV NS3 and determine how this change would affect the function of NS3 as a helicase.
Here, we show that the C-terminal ␤-strand of HCV NS3 acts as a toggle that alters the structural and functional properties of the protein. The presence or absence of this ␤-strand changes the global architecture of NS3 and allows the protein to adopt different conformational states. Moreover, removal of this ␤-strand allows the truncated protein (NS3⌬C7) to adopt an extended conformation and form functional complexes with RNA unwinding substrates faster than WT NS3. In contrast to NS3⌬C7, WT NS3 cannot react efficiently under unwinding conditions that stabilize the resulting ␤-sheet substructure. Finally, we demonstrate that NS3⌬C7 readily unwinds RNA with short 3Ј-overhang strands and behaves like a processive monomer. Taken together, we propose a model in which NS3⌬C7 adopts a conformation that is distinct from the ) and (B) HCV (PDB no. 1CU1) are shown in cartoon form, each with a 90°rotation. The protease and helicase domains are colored in red and yellow, respectively. Subdomains of the helicase domains are labeled. The linker region connecting the two domains is colored in blue. Note that the protease domain of DENV NS3 is located "below" the ATP binding pocket, while that of HCV NS3 is located "behind" the ATP binding pocket. The NS3 protein from MVEV was crystallized in an extended conformation similar to DENV NS3 (data not shown) (PDB no. 2WV9). (C) The C terminus of HCV NS3 forms a ␤-strand and feeds back into the protease active site to form a ␤-sheet (circled in green). The catalytic triad residues of the protease domain are shown as green sticks. Figures were generated by PyMol. conformation observed in the crystal structure and which represents the biologically relevant form of NS3 as an active helicase.
MATERIALS AND METHODS
Materials. DNA oligonucleotides were obtained from Invitrogen. RNA oligonucleotides were synthesized on an automated MerMade 6 synthesizer (BioAutomation) by using phosphoramidite chemistry (phosphoramidites purchased from Glen Research) and deprotected before gel purification (48) .
RNA duplex substrates. The sequences of the RNA duplexes used in this study were described previously (18, 36) . RNA duplexes were labeled with [␥-32 P]ATP as described previously (6) , purified from semidenaturing polyacrylamide gels (15% acrylamide, 2 M urea, 0.5ϫ Tris-borate-EDTA [TBE]), and stored at Ϫ80°C in ME buffer (10 mM MOPS [morphoplinepropanesulfonic acid], pH 6.5, 1 mM EDTA). Duplex concentrations were determined with a NanoDrop (Thermo Scientific), and extinction coefficients were calculated from the sequences.
Protein purification. Proteins were purified as described previously with modifications (6) . Proteins were expressed in Rosetta II (DE3) cells (Novagen) with 0.25 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 20 h at 16°C. Proteins were purified with Ni-nitrilotriacetic acid (NTA) agarose (Qiagen) and heparin affinity columns (GE Healthcare) before gel filtration over a 16/60 Superdex 200 column (GE Healthcare) equilibrated in storage buffer (10 mM HEPES, 300 mM NaCl, 10% glycerol, 5 mM ␤-mercaptoethanol [␤-ME], pH 7.0). Monodisperse fractions were concentrated, flash frozen in liquid nitrogen, and stored at Ϫ80°C. Protein concentrations were measured in 6 M guanidinium at ϭ 280 nm using an extinction coefficient of ε ϭ 63,580 M Ϫ1 cm Ϫ1 (12) .
Limited proteolysis assay. Lyophilized carboxypeptidase Y (CPY) was obtained from Worthington Biochemical (Lakewood, NJ) and resuspended in storage buffer (100 mM MOPS, 10% glycerol, 300 mM NaCl, 5 mM ␤-ME, pH 6.3) to a final concentration of 1 mg/ml. WT NS3 and NS3⌬C7 proteins were diluted in this buffer to final concentrations of 300 g/ml. Proteolysis experiments were performed at 24°C with 360 g protein and either 0, 1, 5, or 10 g carboxypeptidase Y. Proteolysis was monitored by quenching 15-g protein aliquots, resolving 2.5 g on 10% SDS-PAGE gels, and staining with Coomassie brilliant blue.
Sedimentation velocity studies. Experiments were performed at 25°C in a buffer containing 10 mM HEPES, 150 mM NaCl, 5% glycerol, 5 mM ␤-ME, pH 7.0, in a Beckman Optima XL-I analytical ultracentrifuge. A four-position AN 60 Ti rotor, together with Epon 12-mm double-sector centerpieces, was used at 42,000 rpm. Radial absorption scans were measured at ϭ 280 nm with a radial increment of 0.003 cm. Data analyses were performed in Sedfit 8.0 (http://www .analyticalultracentrifugation.com) (41), using a 95% confidence limit. Sedimentation coefficients at the experimental temperature, buffer density, and viscosity were corrected to standard conditions (s 20, w ) using the program SEDNTERP (http://jphilo.mailway.com).
Functional complex formation assay. Functional complex formation assays were performed as previously described with modifications (36) . A master mix containing 25 nM protein and 1 nM RNA duplex (final concentrations) was assembled in helicase reaction buffer (42) for 10 min on ice and then divided into 9-l reaction aliquots. Each reaction mixture was incubated at 37°C for various amounts of time, and then 3 l of an ATP-trap mixture (16 mM ATP and 4 M protein trap in helicase assay buffer) was added to initiate a single cycle of unwinding. The trap was a 60-nucleotide (nt), single-stranded DNA oligonucleotide (42) . We used a 34-nt, single-stranded RNA oligonucleotide as the trap when we sought to increase the final unwinding amplitude (6) . Reactions were quenched after 5 min by adding 3 l of a 5ϫ quench buffer (42) and immediately transferred to dry ice. Duplex and single-stranded RNAs were separated on semidenaturing polyacrylamide gels (described above), visualized with a Storm820 PhosphorImager, and quantified with ImageQuant software (GE Healthcare). The fraction of unwound duplex for each time point was quantitated by the following formula: A unw ϭ I ss /(I ss ϩ I ds ), where I ss is the intensity of the displaced strand and I ds is the intensity of the duplex substrate. At least three experiments were performed for each kinetic analysis reported here.
Data analysis. Data were processed with Origin 8.0 (OriginLab Corporation). Kinetic parameters describing the data for each protein and its set of unwinding substrates were determined by using global fitting methods. Rate constants and number of steps were treated as shared global parameters for each set of substrates. Unwinding amplitudes were treated as unique values for each substrate.
The data for WT NS3 were modeled to scheme 1:
fast unwinding using equation 1:
where A unw is the unwinding amplitude at incubation time t, A 0 is the apparent fraction of functional complex formed on the RNA substrate, k 1 is the rate constant in which WT NS3 undergoes a conformational change from a compact (NS3 c ) to an extended (NS3 e ) conformation, and k 2 is the rate constant at which WT NS3 forms a functional complex with the RNA substrate. The data for NS3⌬C7 were modeled to scheme 2:
fast unwinding using equation 2:
where A unw is the unwinding amplitude at incubation time t, A 2 is the amplitude of the fast exponential rise in activity with the rate constant k 2 , and A 3 is the amplitude of the decay process with rate constant k 3 .
Under conditions of increased glycerol and NaCl concentrations, the data were modeled to the "n-step" mechanism (26) shown in scheme 3:
where S is substrate, I n is the nth intermediate state, P is the product, and k is the kinetic rate constant at each step. Data were fit using the incomplete gamma function with equation 3:
where A unw is the unwinding amplitude at incubation time t, A 0 is the apparent fraction of functional complex formed on the RNA substrate, n is the number of kinetic steps, and k is the observed rate constant. Linear regression was performed with equation 4:
where A unw is the unwinding amplitude, y 0 is the offset, m is the slope, and x is the number of binding sites. Processivity analysis. The maximum unwinding amplitude for each substrate duplex was determined by fitting the data to either equation 1 or 2 for WT NS3 or NS3⌬C7, respectively. Values were plotted as a function of duplex length and fit to the equation A unw ϭ xP N , , where A unw is the unwinding amplitude, x is the fraction of functional complex, P is processivity, and N is the number of kinetic steps made on the duplex. For this analysis, we used a kinetic step size of 16 bp, which had been previously determined for WT NS3 (42) . We assume that NS3⌬C7 has an identical step size.
RESULTS

Differing domain orientations of Flaviviridae NS3 proteins.
When the crystal structures of NS3 proteins from HCV, dengue virus (DENV), and Murray Valley encephalitis virus (MVEV) are compared, it is clear that HCV NS3 differs dramatically from the other proteins. Specifically, a ␤-strand in the HCV NS3 structure clamps the protease domain next to the helicase domain, thereby creating a compact conformational state that differs from the extended conformations of DENV and MVEV (Fig. 1A) . This ␤-strand consists of the C-terminal seven amino acids of the helicase domain, which feed into the protease active site at the N terminus of the protein (circled in Fig. 1B ; see Fig. S1 in the supplemental material). The resulting ␤-sheet interaction between the protease and helicase domains (henceforth called the ␤-interaction) serves as a substrate recognition platform for proteolytic cis cleavage during the maturation of NS3. However, the ␤-interaction must be disrupted in order for the protease to release downstream viral proteins from the viral polyprotein. We speculated that truncation of the NS3 C terminus would uncouple the protease and helicase domains, thereby allowing the protease domain to swing away from the helicase domain and permitting NS3 to adopt an extended conformation that is similar to those of the DENV and MVEV NS3 proteins. To test this hypothesis, we created an NS3 variant (NS3⌬C7) in which we removed the C-terminal residues that comprise the ␤-strand tether, and we examined the behavior of this mutant protein.
The C terminus of NS3⌬C7 is solvent accessible and sensitive to protease. To test whether removal of the ␤-interaction causes the C terminus of NS3⌬C7 to become solvent accessible, we subjected both WT NS3 and NS3⌬C7 to limited proteolysis with carboxypeptidase Y (CPY) (49) . In the absence of CPY, both proteins migrate as single species on an SDS-PAGE gel ( Fig. 2A) . In the presence of increasing amounts of CPY, WT NS3 remained insensitive to the protease (Fig. 2B to D,  left) , while CPY digested NS3⌬C7 with an efficiency proportional to the amount of CPY included in the reaction (Fig. 2B  to D, right) . These results show that WT NS3 adopts a conformation with a solvent-inaccessible C terminus, whereas the conformation of NS3⌬C7 has a solvent-exposed C terminus that renders it susceptible to CPY. The ability of CPY to digest NS3⌬C7 indicates that we have successfully eliminated the ␤-interaction between the protease and helicase domains.
Hydrodynamic analysis of the global conformation of NS3⌬C7. To directly examine whether WT NS3 and NS3⌬C7 have different global conformations, we performed sedimentation velocity experiments to evaluate the shapes and hydrodynamic properties of the proteins. We observe that NS3⌬C7 displays a distinct and reproducible 2.3% decrease in the sedimentation coefficient (S) relative to WT NS3, together with a broadening of the sedimentation peak (Fig. 3) . For two proteins of similar molecular masses (ϳ1% difference), such a decrease indicates that NS3⌬C7 has a higher frictional coefficient than WT NS3 and therefore adopts a more elongated conformation. We interpret the broadening of the NS3⌬C7 sedimentation peak to reflect multiple elongated conformations as the protease domain moves freely in solution (27, 28) . The presence of a single dominant peak in the data for both proteins show that the majority of the population sediments as monodisperse species in solution. These data are consistent with gel filtration results indicating that both proteins purify as stable monomers (data not shown).
NS3⌬C7 forms functional complexes on RNA duplexes faster than WT NS3. A fundamental property of helicases is the ability to bind and engage nucleic acid substrates in a productive manner that leads to strand separation. Helicases are often positively charged proteins with a high, nonspecific affinity for nucleic acids. Sequence composition, chemical identity (DNA versus RNA), or structure (single stranded versus double stranded) of the nucleic acid can influence binding specificity. Thus, direct binding assays for helicase substrate affinity may not reflect the full functional specificity of a given helicase. For example, NS3 binds nucleic acid duplexes containing either a 3Ј or 5Ј overhang, but it only unwinds a duplex containing a 3Ј overhang (46) . To monitor the bound states of NS3 that directly contribute to unwinding, we employed an activity assay that reports the rate constant at which a helicase forms functional complexes that are capable of unwinding target RNA substrates (36) .
The functional complex assay begins by combining RNA duplex substrate with helicase (in excess; see Materials and Methods) and then dividing this mixture into multiple aliquots in order to vary the incubation time for each sample at the desired reaction temperature. Following the incubation period, unwinding is initiated with the simultaneous addition of ATP and a helicase "trap," which is provided in excess to ensure single-cycle unwinding conditions. (For example, any helicase that falls off is trapped and cannot rebind.) The trap also sequesters excess helicase protein in solution from participating in unwinding after the reaction has already initiated. Each unwinding reaction is quenched after a constant reaction time, and the products are separated by PAGE (see Fig. S2 in the supplemental material). Quantification of the fraction of unwound product versus the incubation time yields the rate constant at which the bound helicase forms an activated, functional complex that unwinds RNA.
Previous studies have shown that WT NS3 requires an incubation period of 30 min with RNA duplexes at 37°C prior to achieving maximal unwinding activity (36) . We reasoned that this long incubation period might reflect the time required to disrupt the ␤-interaction and allow conformational changes to occur within the protein-RNA complex. NS3⌬C7, lacking the ␤-interaction, would not require such an extended incubation step since it already adopts an extended conformation that is poised for immediate, functional binding to RNA substrates. To test this hypothesis, we measured the rate constants at which the protein constructs form functional complexes on a set of RNA unwinding substrates with progressively longer duplex lengths (36) .
Time courses of unwound substrate versus incubation time reveal that NS3⌬C7 forms functional complexes more rapidly than WT NS3 (Fig. 4) . However, the amplitude (final extent) of unwinding is generally higher for WT NS3. The data for WT NS3 display a prominent lag phase in the evolution of product for all four duplex substrates. Using global fitting methods, we fit the WT NS3 data to the mechanism shown in scheme 1 (see Materials and Methods), which includes two macroscopic rate constants: k 1 is the rate constant for a putative conformational change within the NS3 protein (0.1 Ϯ 0.01 min Ϫ1 ), and k 2 is the rate constant at which the helicase-RNA complex adopts an activated state that proceeds immediately to unwind the duplex (0.35 Ϯ 0.06 min Ϫ1 ). Such an activated state may reflect partial invasion at the duplex junction that leads to productive interactions between the helicase and RNA (22) .
In contrast, the data for NS3⌬C7 display a fast exponential rise in functional complex formation followed by a slow decay in activity. These data were fit using global fitting methods to scheme 2 (see Materials and Methods), which lacks the lag phase (k 1 ) and instead includes two macroscopic rate constants: k 2 is the rate constant for functional complex formation (0.36 Ϯ 0.02 min Ϫ1 ), as described above, and k 3 is a rate constant for the apparent decay in activity observed late in the time courses for NS3⌬C7 (0.03 Ϯ 0.01 min Ϫ1 ). The decay phase likely reflects an increased instability of the NS3⌬C7 protein under the experimental conditions.
These results are consistent with a model in which WT NS3 undergoes a slow conformational change prior to forming activated complexes on RNA substrates. Once this protein isomerization has occurred (reflected by the NS3 lag phase k 1 ), WT NS3 forms functional complexes with the same rate constant as NS3⌬C7 (k 2 values are within error). Already in the activated state, NS3⌬C7 bypasses the need for a slow conformational change and proceeds quickly to form functional complexes that can unwind RNA.
Comparative processivity of WT NS3 and NS3⌬C7. Processivity reflects the probability that a helicase will perform a subsequent unwinding step rather than dissociate from the substrate (1, 15) . Hence, a helicase of infinite processivity will unwind duplex substrates, independent of duplex length, to completion and have a processivity value equivalent to unity. A helicase of finite processivity, such as NS3, will show progressively lower unwinding amplitudes as the length of the duplex increases and have a processivity value less than unity (Fig. 4 ) (26) . Under single-cycle conditions, these amplitudes can be used to calculate and compare the relative processivity values of the two different NS3 protein constructs. Qualitatively, it appears that NS3⌬C7 displays lower unwinding amplitudes than WT NS3 on all RNA substrates except the 40-bp duplex (Fig. 4) . Based on these uncorrected final amplitudes, processivity values are P (WT NS3) ϭ 0.50 Ϯ 0.04 and P (NS3⌬C7) ϭ 0.30 Ϯ 0.02 (see Materials and Methods and Fig. 5A ), indicating that NS3⌬C7 is a less processive helicase than WT NS3. However, the final unwinding amplitudes for NS3⌬C7 are the sum of two independent amplitudes that describe the exponential rise and the gradual decay in activity (scheme 2). Correction for protein decay by using only the amplitudes associated with rate constant k 2 , the processivity value of NS3⌬C7 increases to P (NS3⌬C7; A 2 ) ϭ 0.49 Ϯ 0.05 (Fig. 5B) . This finding leads us to conclude that NS3⌬C7 and WT NS3 display similar levels of helicase processivity under these unwinding conditions.
Increased glycerol concentrations inhibit functional complex formation. To test whether the ␤-interaction is inhibitory for helicase activity, we attempted to identify reaction conditions that might strengthen the interaction. We reasoned that strengthening the ␤-interaction would inhibit functional complex formation for WT NS3 (a significant decrease in k 1 ), while NS3⌬C7 might be unaffected by comparison. To this end, we evaluated the effect of glycerol on the reaction. Glycerol stabilizes native protein structure by several mechanisms that are not mutually exclusive: (i) stabilization of the hydrophobic core, (ii) exclusion of glycerol from hydrophobic portions of a protein with preferential interactions with hydrophilic regions, and (iii) strengthening of hydrogen bonding networks (protein secondary structure) by preventing bulk water from acting as a hydrogen bond competitor (10, 38, 47) . Increasing the glycerol concentration from 1% to 15% in our experimental conditions would be expected to perturb functional complex formation on RNA duplexes for WT NS3 by creating a larger kinetic barrier between the compact and extended conformations of the protein. WT NS3 might overcome such a barrier by requiring a longer incubation time prior to adopting the extended conformation.
In the presence of 15% glycerol, NS3⌬C7 forms functional complexes faster than WT NS3 and achieves higher unwinding amplitudes (Fig. 6) . Notably, the rapid rise of activity in the NS3⌬C7 progress curves are not followed by a slow decay phase (k 3 ) seen under standard experimental conditions, thus demonstrating the stabilizing effect of glycerol for NS3⌬C7. Glycerol caused the appearance of a small lag phase in the data for NS3⌬C7, which may reflect minor conformational changes prior to functional complex formation. Kinetic parameters were obtained by global fitting of the data to scheme 3 (see Materials and Methods; n ϭ 2.9, k ϭ 0.22 min Ϫ1 ) (26) . From these results, it is clear that structural stabilization of NS3⌬C7 does not diminish its ability to adopt an activated complex and unwind RNA.
Glycerol is highly detrimental to functional complex formation by WT NS3. As expected, we observed an extended lag phase and reduced rate constant for functional complex for- mation ( Fig. 6 ) (n ϭ 2.5, k ϭ 0.072 min Ϫ1 ). The reduction in rate constant suggests that glycerol stabilizes the ␤-interaction and prevents WT NS3 from quickly forming functional complexes. Additionally, the final unwinding amplitudes for WT NS3 are consistently lower than those for NS3⌬C7, which reflects a lower processivity for WT NS3 under these experimental conditions. Taken together, the minimal impact of glycerol on NS3⌬C7, combined with the catastrophic effect on WT NS3, supports the idea that WT NS3 is locked into a stable, inactive conformation that is sealed shut by the ␤-interaction.
Increased NaCl concentrations inhibit functional complex formation. An alternative approach for stabilizing protein structure is to increase the ionic strength of the reaction buffer (3) . In order to test whether the ␤-interaction might be stabilized under conditions of increased ionic strength, the concentration of NaCl was changed from 30 mM to 150 mM. This condition was chosen because 150 mM NaCl is the approximate salt concentration in a physiological environment. Experiments under this condition might therefore provide insights into the behavior of NS3 in vivo.
In a buffer that contains 150 mM NaCl, the activity of WT NS3 is severely inhibited at all duplex lengths (Fig. 7) (n ϭ 2.7 ; k ϭ 0.063 min Ϫ1 ). In contrast, NS3⌬C7 efficiently formed functional complexes and attained higher final unwinding amplitudes (Fig. 7) (n ϭ 3.5; k ϭ 0.22 min Ϫ1 ). The decay phase (k 3 ) observed under standard experimental conditions was not evident under the high-salt conditions and demonstrates the stabilizing effect of higher NaCl concentration. Standard experimental conditions had been previously optimized to observe maximal activity by WT NS3 but not NS3⌬C7 (36) . Therefore, it is significant that we have identified unwinding conditions that stabilize NS3⌬C7 and displays superior levels of functional complex formation relative to WT NS3.
A NS3⌬C7 monomer unwinds the RNA duplex. One way to explore the functional oligomeric state of a helicase is to examine the effects of the substrate overhang length (42) . Based on the binding site size of NS3 determined by structural and biochemical methods (14, 22, 23, 42) , we designed a family of RNA substrates with a fixed duplex length that is flanked by various single-stranded 3Ј-overhang lengths that can accommodate one, two, or three NS3 molecules (6-nt, 14-nt, and 20-nt overhangs, respectively). Qualitatively, the WT NS3 data reveal a strong positive correlation in the fraction of unwound substrate versus the overhang length (Fig. 8A) . These results indicate that the number of WT NS3 molecules bound to the overhang strand contributes in an additive manner to the final unwinding amplitude. Fitting the data reveals that each additional binding site increases the unwinding amplitude by 7% Ϯ 0.2% (equation 4; see Materials and Methods). A similar correlation in overhang length and unwinding amplitude had been reported in previous studies using the NS3hel construct (described as the "functional interaction model" between helicase molecules) (23). However, due to the different nucleic acid substrates and NS3 protein constructs used, we cannot make a quantitative comparison between the two studies.
The data for NS3⌬C7 did not display any correlation between overhang length and amplitude, within experimental uncertainty (Fig. 8B) , suggesting that the unwinding amplitude is independent of overhang length. This finding indicates that an NS3⌬C7 monomer is likely to unwind each RNA duplex. It also suggests that NS3⌬C7 is incapable of forming functional interactions between protein molecules even when presented with the opportunity (such as long overhangs that stimulate formation of functional interactions between WT NS3 molecules) (23, 42) . Thus, the altered conformation of NS3⌬C7, or the lack of a C-terminal tail itself, appears to inhibit formation of functional interactions between NS3⌬C7 molecules.
As a secondary and independent method to confirm these findings, we changed the chemical and nucleotide composition of the helicase trap. The trap used thus far is an unstructured, single-stranded DNA polymer that bears no sequence identity to either strand of the duplex substrate. Changing the trap to a single-stranded RNA polymer of identical sequence and length to the displaced strand of the duplex substrate increases the observed unwinding amplitude without affecting the rate constant for functional complex formation (6, 42) . Using a 34-nt RNA trap, we observed a direct correlation in the WT NS3 data similar to the data when using a DNA trap (Fig. 8A) . However, the amplitudes of NS3⌬C7 unwinding were independent of the number of protein binding sites (Fig.  8B) . The fitting of the WT NS3 data revealed that each increase in the overhang length increased the final unwinding amplitude by 27% Ϯ 3%. These results validate our initial findings using the DNA trap and support our conclusion that an NS3⌬C7 monomer unwinds the RNA duplex.
DISCUSSION
Structural and functional effects of the ␤-interaction. Here, we report that the presence or absence of a ␤-sheet interaction between protease and helicase domains of NS3 changes the structural and functional attributes of the protein (Fig. 1) . When the ␤-interaction is removed, limited proteolysis experiments indicate that the C terminus of NS3⌬C7 becomes accessible to solvent (Fig. 2) . In the absence of the ␤-interaction, it is unlikely that the helicase and protease domains of NS3⌬C7 maintain a compact conformation because the domains do not have a sufficiently extensive interaction interface. The interface between the helicase and protease domains of WT NS3 results in a buried surface area of ϳ900 Å 2 (53) . Of . Best fits for NS3⌬C7 data yielded n ϭ 2.9 Ϯ 0.2 and k ϭ 0.22 Ϯ 0.003 min Ϫ1 . In these experiments, the value of "n" is not implied to have a specific physical meaning and is a mathematical consequence of the hyperbolic shape of these particular curves. Note that values for n are approximately 3 in all of these experiments (including those in Fig. 7) , but values for k vary greatly. Given that n remains approximately the same, we suggest that variations in k provide a direct means for comparison between the proteins. It is therefore most significant that the rate constant for NS3⌬C7 vastly exceeds that of the WT under all these conditions. 4350 DING ET AL. J. VIROL.
this total area, which is apparent from the crystal structure, the ␤-interaction contributes ϳ500 Å 2 and is stabilized by an extensive hydrogen bonding network between the two domains. The remaining area of ϳ400 Å 2 is provided by interactions involving the flexible linker region that covalently connects the protease and helicase domains (Fig. 1) , and it is not particularly hydrophobic. Because specific protein interfaces typically involve buried surface areas of 1,600 Ϯ 400 Å 2 (50) and have a high concentration of nonpolar residues (35), the remaining ϳ400 Å 2 is too small to represent a stable interaction interface. Therefore, we expect the protease domain of NS3⌬C7 to move freely and sample different conformational states, as observed for other Flaviviridae NS3 proteins (4, 27, 28) .
Hydrodynamic measurements obtained using ultracentrifugation sedimentation velocity experiments provide direct evidence that WT NS3 and NS3⌬C7 adopt globally different shapes in solution (Fig. 3) . A lower sedimentation coefficient argues that NS3⌬C7 adopts an extended conformation compared to WT NS3, and the broadening of the NS3⌬C7 sedimentation peak points to the presence of multiple extended conformations. Notably, DENV NS3 crystallized in two different extended conformations in which the protease domain had rotated ϳ161°with respect to the helicase domain (27, 28) . Therefore, the distribution of conformations that we observe during sedimentation velocity experiments on NS3⌬C7 are likely to derive from the protease domain as it samples different conformations in the extended, open state. Taken together, our structural analysis and hydrodynamic studies show that NS3⌬C7 adopts an extended conformation that is likely to resemble the extended conformations of other Flaviviridae NS3 proteins in which the protease domain sits beneath the ATP binding site of the helicase domain (4, 27, 28) . The final orientation of the protein on a lipid bilayer is shown in Fig. S3 in the supplemental materrial.
The different conformations of WT NS3 and NS3⌬C7 result in different levels of functional activities. Specifically, we observe that NS3⌬C7 forms functional complexes with unwinding substrates faster than WT NS3 (Fig. 4) . WT NS3 requires long incubation times to reach its maximal activity because the ␤-interaction locks it in an inactive, compact conformation. A slow isomerization step is required (reflected by k 1 ; scheme 1) before WT NS3 can form functional unwinding complexes with RNA. Disruption of the ␤-interaction and adoption of an extended conformation are obligatory steps that precede formation of a productive complex with the unwinding substrate (a step reflected by k 2 ). Already in the extended conformation, NS3⌬C7 bypasses the need for an isomerization step and quickly proceeds to form functional complexes and unwind the substrate. This behavior is most evident under reaction conditions that maintain WT NS3 in the locked, compact conformation by stabilizing the ␤-interaction (e.g., 15% glycerol or 150 mM NaCl) ( Fig. 6 and 7) . Collectively, these findings indicate that the extended conformation of NS3⌬C7 is poised to engage its target substrates while the compact conformation of WT NS3 is not. Implications for viral replication. Numerous in vitro studies indicate that the NS3 helicase has multiple activities, and it is possible that these activities reflect its diverse roles in vivo. The various activities attributed to NS3 include unwinding of duplex substrates, displacement of proteins bound to nucleic acids, translocation along single-stranded nucleic acids, and packaging of the RNA genome to form infectious viral particles (19, 30, 31) . To initiate any of these tasks, NS3 must form productive interactions with its target substrate. Here we show that, for helicase activity, functional complex formation requires an extended conformation, and this form of NS3 is required for productive engagement with RNA duplex substrates. Consistent with previous studies in which replicationcompetent forms of NS3 were modeled onto lipid bilayers, we propose that the extended conformation is the biologically relevant form of NS3 for helicase activity (9, 27) .
Why is it necessary for NS3 to undergo such a large conformational change? The isomerization described here would allow a multifunctional enzyme such as NS3 to coordinate the different enzymatic activities of its two functional domains. After the protease domain performs the peptide cleavage events that are required for releasing downstream viral proteins from the precursor polyprotein, the mature viral proteins can then assemble into a multiprotein complex that replicates the viral genome. During this process, NS3 must switch from its role as a protease and begin to operate exclusively as a helicase. It is possible that the conformational change described here is the key structural event that facilitates this switch in function.
Nonetheless, the C-terminal ␤-strand clearly has an innate affinity for the protease domain, and its presence in WT NS3 may cause the protein to alternate between compact and extended conformations even during the course of RNA binding and unwinding. It is probably important for NS3 to prevent the ␤-interaction from forming while it functions as a helicase. In vivo, NS3 is docked within a large multiprotein complex, and the extended conformation is probably maintained through protein-protein interactions. In their natural context, helicases rarely function in isolation, and they are usually components of larger complexes that contain cofactor proteins for regulating helicase function (25, 45) . The sites of intermolecular interaction between NS3 and other proteins of the HCV replication complex may therefore serve as attractive drug targets for inhibiting viral replication.
